the architectural integrity of the endoplasmic reticulum (er) network depends on the function of membrane-associated dynamin-like GtPases that include metazoan atlastins, plant rhd3 and yeast Sey1p. the evidence that these proteins are sufficient to drive membrane fusion of reconstituted proteoliposomes, and that lossof-function mutations lead to conspicuous er shape defects indicates that atlastins, rhd3 and Sey1p promote er membrane fusion. however, complementation experiments in reciprocal loss-of-function backgrounds have also suggested that rhd3 and Sey1p may be not functionally equivalent, supporting that er fusion mechanisms may be not entirely conserved in eukaryotes. in this Letter, we provide a brief overview of the field as well as evidence that may explain the functional differences of the plant and yeast er-shaping dynamin-like GtPases.
The endoplasmic reticulum (ER) is an essential organelle necessary for the synthesis, modification and quality control of all the secretory proteins, which generally account for one third of the eukaryotic proteome. The ER structure is based on a dynamic web-like network of interconnected tubules and cisternae, which are continuously remodeled by the incessant interconversion of ER tubules and cisternae, as well as by tubule formation, sliding, and fusion.
1,2 Homotypic fusion of ER membranes is mediated by a family of structurally-conserved dynamin-like GTPases known as atlastins in metazoans, RHD3 proteins in plants and Sey1p in yeast. [3] [4] [5] [6] These are integral membrane proteins with a large cytosolic GTPase domain at the N-terminus, followed by a linker region, connecting two transmembrane (TM) domains and a cytosolic tail at the C-terminus. Genetic ablation of these proteins or overexpression of dominant negative forms of the GTPase domain leads to conspicuous defects in the ER organization with the appearance of long, unbranched ER tubules in cultured mammalian cells and in plant cells [7] [8] [9] but ER fragmentation in Drosophila melanogaster. 10 Whether the formation of the long tubules is linked to a loss of tubule fusion or branching is yet to be tested in vivo, however fusogenic activity of ATLs, RHD3 and Sey1p has been demonstrated in vitro with reconstituted proteoliposomes. 8, [10] [11] [12] Intriguingly, genetic complementation analyses have shown that the ER phenotype in yeast due to concomitant ablation of Sey1p and tubule-shaping proteins, Rtn1p or Yop1p, can be restored by expression of either Sey1p, human ATL, or RHD3, 8, 13 supporting that these proteins are functional orthologs. Interestingly however, while a fluorescent protein fusion to Sey1p localizes to the ER in plants, it does not seem to be able to rescue the defective growth phenotype associated with the Arabidopsis rhd3 loss-of-function mutation. 7 It has been suggested that when Sey1p or RHD3 are expressed at nonendogenous levels in a heterologous system, they may affect the structure of the ER possibly due to unbalanced or uncontrolled activity of the proteins. 13 Similarly and consistently with this hypothesis, RHD3 overexpression leads to partial collapse of the ER structure in plant cells.
14 An overabundance of the GTPases due to overexpression may lead to excessive membrane fusion, but it is also possible that other factors may have a critical role. For example, unique protein determinants may account for the observed inability of Sey1p to complement loss of RHD3. In this view, RHD3 could functionally complement the Sey1p yeast mutant because RHD3 would be sufficient to satisfy the requirements for ER homotypic fusion in yeast cells; however, Sey1p might not have attributes that are present in RHD3 to facilitate ER membrane fusion in plant cells. To examine this possibility, in this work we have compared the C-terminal (CT) regions of RHD3 and Sey1p, which to date have not been studied in detail, and found that these domains exert different effects on ER integrity in plants. These observations along with the identification of a unique functional domain in the CT extension of RHD3 support that the differences in the function of the ER-shaping dynamin-like GTPases in vivo may be dictated by the presence of distinct protein attributes.
To date most of the characterization of ER-shaping dynaminlike GTPases has been focused on the N-terminal region. For example, crystal structures of the N-terminal region of atlastins have been produced, 12, 15, 16 and the kinetics of the GTPase activity of the recombinant N-terminal region have been studied for atlastins, RHD3 and Sey1p. 8, 10, 13 The current view supports that a GTP hydrolysis-induced conformational change of the N-terminal cytosolic domain is necessary for membrane fusion. Nonetheless, it has also been demonstrated that the region encompassing the two TM domains and the CT extension is required for efficient membrane fusion by ATL. Specifically, the TM domains are important for protein dimerization while the CT extension, which exhibits amphipathic properties, interacts directly with the lipid bilayer. 17 Such an interaction is likely to destabilize the bilayer and facilitate membrane fusion. 17 To acquire insights on the characteristics of this protein region in RHD3 and Sey1p for comparison with ATL1, we analyzed the first 25 amino acid stretch in CT extension after the second TM domain of these proteins. We found that similar to the equivalent region in ATL1, those of RHD3 and Sey1p show amphipathic characteristics (Fig. 1A) . To test whether the entire CT extension of RHD3 (aa 722-802; Fig. 2A ) could associate with membranes as it would be predicted if it contained an amphipathic anchor, we expressed it as a N-terminal fluorescent protein fusion in tobacco leaf epidermal cells for confocal imaging, following established procedures. 18, 19 Indeed subcellular localization analyses of YFP fusion to the RHD3 CT-extension (RHD3 722-802 ) established that this region can be found in association with the ER and the Golgi as well as in the cytosol (Fig. 1B) . Based on these observations, we speculate that the CT extension can associate with membranes but that saturation of available membrane binding sites leads to a partial distribution of the chimera in the cytosol. Although these findings denote similarities among the C-terminal region of the ER shaping proteins, the size of the CT extension varies noticeably when comparing those of ATL1, Sey1p and RHD3 with the CT extension of RHD3 being the longest (81 aa) and that of Sey1p being the shortest (50 aa) (Fig. 2A) . The degree of conservation of amino acid sequence of the RHD3 CT extension with Sey1p and ATL1 is also rather low (RHD3/Sey1p 6.2% identity, 17.3% similarity; RHD3/ATL1 9.9% identity, 29.6% similarity) (Fig. 2B) . These observations raise the question whether the properties of the CT extension are equivalent among the ER-shaping GTPases. To explore this in more detail, we tested whether fluorescent protein fusions to the C-terminal region of RHD3 and Sey1p exhibited a different behavior in plant cells when driven by the same promoter (CaMV 35S). As shown in Figure 3 , YFP fusions to the regions encompassing the two TM domains and the entire CT extension of either RHD3 (YFP-RHD3 677-802 ) or Sey1p (YFPSey1p 682-776 ) localized to the ER. When we analyzed cells with similar levels of expression, which was established by quantitative analyses of pixel intensity in ER tubules with normal morphology, we found that YFP-RHD3 677-802 lead to disruption of the cortical ER network; in contrast, YFP-Sey1p 682-776 did not show any significant alteration of the ER organization. These data support that that the C-terminal region of RHD3 can exert a dominant negative role in ER integrity and that this protein domain has distinct properties compared with the equivalent region of Sey1p. The TM domain of ATL has been shown to be necessary for ATL molecules to form oligomers, a requisite for its function in vivo. 17 RHD3 is known to oligomerize. 722-802 in Nicotiana tabacum epidermal cells. the protein can associate with the er (labeled by the er lumen marker, GFP-hdeL, arrow), as shown in the merged image. Note that in addition to an obvious discrete signal at the er (dashed line inside the inset enclosing the er), a more diffuse signal is present in the cytosol and on punctate structures. the latter are Golgi, as established by colocalization assays with a Golgi marker (not shown). inset = magnified area of main image. Bar = 5 μm.
Therefore, expression of the C-terminal region that encompasses the TM and CT extension of RHD3 most likely exerts a dominant negative role by interfering with the ability of the endogenous RHD3 to form functional oligomers. In this view, expression of the equivalent protein domain of Sey1p would not affect the ER structure in plants if Sey1p were not able to oligomerize with a plant ortholog. This hypothesis may explain the observed differences in the effect of the expression of the RHD3 and Sey1p on the ER structure (Fig. 3) , and suggests that RHD3 and Sey1p may have different functional requirements in vivo.
Indeed, a close inspection of the RHD3 CT extension reveals the presence of a short peptide signature, which is annotated as a PDZ-binding peptide by the eukaryotic linear motif resource 20 and is absent in Sey1p (Fig. 2B) . PDZ domains are considered protein-protein interaction modules, which interact with short amino acid motifs in target proteins. 21 It is possible that the predicted PDZ binding peptide at the carboxyl-terminus of RHD3 may facilitate the interaction of RHD3 with other proteins that could modulate its function in vivo. Therefore, expression of YFP-RHD3 722-802 fusion could exert a dominant negative effect by compromising protein-protein interactions of the endogenous RHD3. On the other hand, if homo-or hetero-interactions of RHD3 have a critical role in the function of this protein, the absence of PDZ binding peptide at the carboxyl-terminus of Sey1p may at least partially explain the inability of this protein to complement the loss of rhd3. 7 While this hypothesis awaits experimental validation, the results provided here open new perspectives on the mechanisms underlying functional equivalence and dissimilarities among ER-shaping proteins and suggest that the requirements for ER membrane fusion may be not entirely conserved across kingdoms.
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